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ATTTTUDE WIND TUNNEL INVESTIGATION OF THE PERFORMANCE OF
COMPRESSOR, COMBUSTOR, AND TURBINE COMPONENTS OF
PROTOTYPE J47D (RX1-1) TURBOJET ENGINE

By John M. Farley

SUMMARY

As a portion of an over-all performance investigetion of the pro-
totype J47D (RX1-1) turbojet engine, the performence of compressor, com-
bustor, and turbine components was determined in the Lewls altitude wind
tunnel over a range of altitudes from 5000 to. 55,000 feet and at flight
Mach numbers from C.1lS to 0.92. Investigations were conducted with the
engine operating on an electronlc control schedule and also with & two-
lever control system by which fuel flow and exhsust-nozzle areas could
be controlled se;para:bely. Two combustlon-chember configurstions were
investigated.

Peek compressor efficiency occurred in the range of corrected
engine speeds from 6000 to 6500 rpm for all flight conditions investi-
gated. A maximim compressor efficlency of 86 percent was obbtained at
an altitude of 5000 feet, a fllght Mach number of 0.13, and a corrected
engine speed of 6000 rpm. Compressor efficiency decreased with increas-
ing altitude because of the reduction in compressor Reynolds number,
Reynolds number had no effect on corrected sir flow at altitudes below
25,000 feet but at higher altitude alr flow decreased with decreasing
Reynolds number.

When the engine speed or the flight Mach number wsas incressed, or
when the altltude was reduced, an incresse occurred in combustion effi-
clency, primarily because of the corresponding inerease in combustion-
chamber inlet pressure and temperebture. Combustion efficiencies for all
flight conditions investigated correlated when plotted asPa. funetion of

the fuel-air rabtio and the combustion-chamber paremeter {7;53 where

Pz, Tz, and Vz are the stagnation pressure, stagnation temperature, and
velocity, respectively, at the combustor inlet.
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For engine speeds over 4000 rpm, turbine-efficiency velues were
between 79 and 86 percent for asltitudes from 5000 to 55,000 feet and a
flight Mach number of. 0.19. Variations of exhaust-nozzle area or of
flight Mach number from 0.19 to 0.92 had no aspprecisble effect on tur-
bine efficiency.

INTRODUCTION

An extensive investigation wae conducted in the NACA Lewis altitude
wind tunnel to determine the over~-all and component performance of the
prototype J47D (RXl-l) turbojet engine, Previous Iinvestigations of an
earlier model of the J47 turbojet engine are reported 1in references 1
to 5. The principal differences between these englnes were: (1) The
dismeter of the flrst twp stages of the compressor of the J47D turbojet
engine was lncreased resulting in a rated-air-flow capaclty about 3 per-
cent greater then earlier models; (2) the protetype J47D (RXi-1) turbo-
Jjet engline 1s equipped with an afterburner, a variable-area exhaust
nozzle, and an integrated electronic conirol system. The investigation
of the prototype J47D (RXl—l) was made to determine the effects of these
changes, and to determine the altltude performance of the electroniec
control. system. Engine performance and operationsal characteristice are
reported in references 6 to 8.

The steady-state performance characteristics of compressor, com-
bustor, and turblne components while the englne wes operating on the
electronic control schedule et simulsasted altitudes from 5000 to
55,000 feet with a fliight Mach nmumber of 0.19, and with flight Msch
numbergs from 0.19 to 0.92 at en sltitude of 25,000 feet is presented
herein. In addition to the data obtained on the control schedule, data
are presented showing the effect of varying the exhaust~nozzle area at
each of severgl fixed engine speeds at simulated altitudes of 15,000
and 45,000 feet with a flight Mach number of 0.19. During the investi-
gation, the engine combustion chambers were modified to improve the
altitude starting characteristics. A comparison of the performance
characteristics of the original and modified combustors is included
herein. Component-performance data are presented in tsbular form as
well as graphical form.

APPARATUS

The J47D turbojet engine (wlthout afterburning) has a sea-level
gtatic-thrust rating of 5670 pounds with an engine speed of 7950 rpm and
& turbine-~outlet-gas temperature of 1275° F. A more detalled descrip-
tion of the engine is given in reference 7. The electronic control was
scheduled for a compromise between optimum steady-state performance end

)
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the desired acceleration characteristics of the engine. In steady-state
operation without afterburning, engine speed and exhaust-nozzle ares
were considered scheduled as a function of the position of the thrust
selector.

Compressor. - The 12-stage axlal-flow-compressor rotor (fig. 1(a})
has an outslde diameter. of 30.1 irches af the leading edge of the first-
stage blading and from the third stage aft the blade +tip dismeter is
constant at 28.9 inches. The compressor has a single row of inlet guide
venes and a double row of outlet gulde vanes. The campressor rated air
flow is 99 pounds per second at a pressure ratio of 5:1.

Combustors. - Two combustor configurations were used In this
Investigation. In order to improve the altitude start{ing charscteris-
tics, the original combustqors were modified by increasing the slze of
the cross-fire tubes (fig. 1({b)), by adding deep immersion, opposite
polarity spark plugs and by adding baffles to some of the secondary air
holes in the combustor liners to direct the alr flow to the center of
the combustion zone (fig. 1(c))}.

Each of the elght combustors had s duplex fuel nozzle to maintain
a desirsble fuel-spray pabttern for both high and low fuel flows. An
automatic flow divider distributed the fuel between the high~-flow and
the low-flow sectlions of the nozzles.

Turbine. - The single-stage impulse turbine rotor had & tip dlsm-

eter of 34.3 inches and a blade height of 3% iﬁches. The turbine rotor
is shown in figure 1(d).

INSTALTATION AND INSTRUMENTATION

Installation. - The engline was mounted on a wing in the wind-
tunnel test section. Dry refrigerated air was supplied to the engine
inlet through s duct from the tunnel mske-up alr system. In this sys-
tem, air is throttled from approximetely sea-level pressure to an
engine-inlet stagnation pressure corresponding to the desired flight
condition.

Instrumentation. ~ Locetion of the instrumentetion used to deter-
mine component performence is shown in figure 2. The temperatures
measured at the exhaust-nozzle inlet (station 8) were used as the
turbine-outlet tempersbtures because it was found that the temperatures
measured at station 6 were affected by radiation because of the prox-
imity of the turbine. '
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The pressures at stations 1, 6, and 8 were measured with Alkazene
menometers, whereas those at statlons 3 and 4 were measured with mer-
cury menometers. The temperatures at stations 1 and 3 were measured
with iron-constantan thermocouples and those at stations 6 and 8 were
measured with cromel-alumel thermocouples. The vslues of pressure and
temperature used to determine component performance were arithmetic
aversges of the values measured at each station.

PROCEDURE

For unscheduled englne operation, a two-level control system was
employed by which engine speed end exhaust-nozzle area were controlled
‘separately. With thls system and wlth the original combustors
instalied, data were cbtained over a range of exhaust-nozzle areas at
several fixed engine speeds, at altitudes of 15,000 and 45,000 feet,
and a flight Mach number of 0.19.

With the engline on the electronic control schedule and with the
original combustors instelled, data were cbtained at simulated altitudes
from 5000 to 55,000 feet with a flight Mach number of 0.19, and at
25,000 feet with simulaeted flight Mach numbers from 0.19 to 0.92. With
the modified combustors installed, desbta.were obtained et sltitudes of
6000, 35,000, and 45,000 feet with a flight Mach number of 0.19.

The compressor-inlet stagnation pressure was set to correspond to
the desired flight conditlon asgsuming 100-percent diffuser recovery.
The inlet-stagnation temperstures were set at NACA standard values for
each flight condition, except that temperatures below 437° R could not
be obtained.

Fuel conforming to specification MII-F-5624 .(AN-F-58a) with a
lower heating velue of 18,900 Btu per pound was used throughout the
investigation. : - : o : -

Symbols used in thls report are defined in sppendix A and the
method used in calculating gas flgw 1ls included In appendix B. Methods
used in calculating fiight Mach number, temperature, and turbine effi-
ciency are presented in reference 4. Methods of calculeting compressor
end combustion efficlency are given in references 2 and 35, respectively.

RESULTS AND DISCUSSION

Component-performence date are presented in numerical form in
tables I to III.

LOg2
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Compressor

Unscheduled operation. - Compressor performance msps for altitudes
of 15,000 and 45,000 feet and a flight Mach number of 0.19 are presented
in figure 3. Superimposed on these maps are lines of constant exhaust-
nozzle area, representing the maximm and minimm areas scheduled by
the electronic control, and one Intermediaste area. When the exhasust-
nozzle aree was changed from 2.94 to 2.22 square feel, compressor effi-
clency changed by less thesn 2 percent at sll engine speeds and for
either flight condition. Interpolation shows that at an altitude of
15,000 feet, this change in nozzle area caused an gpproximstely
10-percent increase in pressure ratlo at a corrected engline speed of
8000 rpm, and a 6-percent increase st 6000 rpm. At an altitude of
45,000 feet, compressor pressure ratblo was increased sbout 14 percent
at 8000 rpm end 9 percent at 6000 rpm. :

Scheduled operation. - The electronic control schedules the rela-
tion between exhaust-nozzle area and engine speed N as shown by the
sea-level curve in figure 4(a). As altitude is increased at a constant
flight speed, compressor-intet temperature decreases and therefore at

a glven engine speed N corrected engine speed N//\/G—l increases with
altitude; thus the exhsust nozzle-ares varies with eltltude for a given
N//\/_e_l (fig. 4(2)). A similar relation occurs when flight speed is
varied at e glven altitude.

The experimental varistlon in exhaust-nozzle ares with corrected
engine speed for varlous altitudes from 5000 to 55,000 feet at a flight
Mach mumber of 0.19 is shown in figure 4(b). Because of refrigeration
limitations, inlet temperatures of about -20° F were used for the
investigations at altitudes over 25,000 feet instead of the standard
inlet temperatures for these flight conditions. Therefore the relation
between corrected engine speed and nozzle ares was different from that
which would have occurred had standsrd temperstures been used. When
figures 4(a) and 4(b) are compared, it ls spparent that at a corrected
engine speed of 7000 rpm the nozzle area was sbout 2.7 square feet for
altitudes of 35,000 feet and over, and that the area would have been
about 2.85 square feet with standard inlet temperatures. Imterpolation
in figure 3(b) shows that this change in area would change compressor

pressure ratio only sbout l%‘ percent. The corresponding effect on air
flow and compressor efficlency 1s negligible. '

Effect of altitude on compressor operabing lines. - Operating lines
obtained with the electronic control schedule for altitudes from 5000 to
55,000 feet and & flight Mach number of 0.1S are presented in figure 5(a).
The posltion and the slope of the corrected engine speed lines on this
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plot were determined by interpolation from figures 5(b) and 3, res-
pectively. The operating lines were colncident for altitudes from

5000 to 25,000 feet, and for altitudes over 25,000 feet engine ailr flow
decressed at a glven corrected engine gpeed. This reduction in aix
flow with eltitude is attributed to the decrease in Reynolds number with
altitude. It is also spparent in figure 5(a) that the constent speed
lines cross corresponding compressor operating lines at the same value
of compressor pressure ratio at all altitudes. Therefore, if pressure
ratlo were plotted ageinet corrected engine speed, the data for all
altitudes investigated would fall on a common curve. Investigetion of
an earlier model of the J47 turbojet engine (reference 2) showed a
slight increase in compressor pressure ratio with altitude at glven
corrected englne speeds sbove 6000 rpm. This difference might be attri-~
buted partly to the increase in exhsust-nozzle area wlth altitude due
to the control schedule. As previously discussed, 1f standard inlet
temperstures had been used for the investigations at sltitudes over
25,000 feet, the exhaust-nozzle ares would have been slightly larger
end the compressor pressure ratio would have been about l% percent
lower at corrected engine speeds of spproximstely 7000 rpm. However,
this variation in pressure ratio wes within the accuracy of the data.
The compressor alr flow at an altitude of 5000 feet and at a corrected
engine speed of 7950 rpm wes asbout 100 pounds per second.

Effect of flight Msach number on compressor operation lines. - Com-
pressor operating lines on the electronic control schedule at an alti-
tude of 25,000 feet and flight Mach numbers from 0.19 to 0.92 are
plotted in figure 6(a%. The corrected engine speed lines were inter-
polated from figure 6(b).

The constant corrected engine-speed lines are coincident for all
flight Mech numbers investigated, indicating thet the Reynolds number
change was too smell to affect alr flow.

At 8 given corrected engine speed, compressor pressure ratio
decreased wlth increasing flight Mach number. This relatlon occurs
because of the lncresse In compressor-inlet pressure with flight Mach
number so that a given corrected engine speed can be maintained with a
smaller pressure rise across the compressor.

Compregsor efficlency. - Curves showing the effect of corrected
engine egpeed, altitude, and flight Mach number on compressor efficiency
are presented in figure 7.

For all flight conditions Investigated, the peek compressor effi-
clency occurred ln the region of corrected englne speeds between 6000
and. 6500 rpm somewhat below the cruising speed range. Efficiency

LOEZZ
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decreased sharply when the engine speed was reduced or increased from
this range of speeds. A meximm compressor efficiency of 86 percent
was cbtained at an altitude of 5000 feet, a flight Mach number of 0.19,
and e corrected englne speed of 6000 rpm. For the same flight condi-
tion et meximum engine speed, the compressor efficiency was 78 percent.

When the eltitude 1s increased from 5000 to 45,000 feet at any
constant corrected engine speed sbove 5500 rpm, a decrease 1n compressor
efficiency of spproximately 5 percent resulted (fig. 7(a))}. This change
in compressor efficilency with altitude is atiributed to the change in
Reynolds number and is simllar to the previously showm effect of alti-
tude on the compressor air flow. The compressor efficlency curve for
15,000 feet eltitude i1s below those for 25,000 and 35,000 feet over the
upper range of engine speeds. However, umscheduled engine data for the
seme flight condition indicated that the curve should be about 2 per-
cent higher over this range of speeds {fig. 3). It was therefore con-
cluded that this discrepancy was caused by data error.

On the compressor performence maps, the constant speed lines and
the efficiency contours are nesrly psrallel at high corrected engine
speeds, and spproximsbtely perpendiculer to esch other at low engine
speeds (fig'. 3). Consequently, changes in compressor pressure ratio’
have 1little effect on efficlency at high engine speeds and & large
effect at low speeds. Compressor efficiency therefore decreased with
increased flight Mach number (decreasing compressor pressure ratio) at
corrected engine speeds below 6000 rpm (fig. 7(b)). At corrected engine
speeds above 7000 rpm, the efficlency Incressed slightly with increas-
ing Mech number, probably because of the ¢orresponding increase in com-
pressor Reynolds number.

Effect of Reynolds number on compressor performesnce. - Shifts in
the efficiency contours and corrected engine speed lines on compressor
performence meps, with changes in flight conditions (fig. 3) have been
ettributed to changes in compressqr Reynolds number. In order to show
more clearly the effect of Reynolds number on compressor performance,
cross plots (fig. 8) » showing compressor corrected air flow and effi-
clency as functions of Reynolds number index, were made from the dsts
in figures 5(b) and 7(a). For a given compressor Mach mumber (corrected
engine speed), Reynolds mumber index wvaries linearly with Reynolds num-
ber aend is defined as the ratio of Reynolds number at sltitude to Rey-
nolds number at standerd sea-~level conditions:

|
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The effect of Reynolds number index on efficiency wes nearly the
same at all values of engine speed (fig. 8(a)). The critical value of
Reynolds number index was spproximetely 0.4. Changing Reynolds number
index from 0.88 to 0.4 resulted in a decrease in compressor efficlency
of only approximately 2.5 percent, whereas changing. the index from
0.4 to 0.11 resulted in a decrease in efficiency of spproximstely
5 percent.

There was no appreclable effect of Reynolds number on the cor-
rected air flow in the range of velues shove critical (0.4) (fig. 8(b)).
At valueg of Reynolds number index below criticel, alr flow decreased
wlth Reynolds number index. :

Combustors

Combustlion efficiency. - With the original combustors instelled
and wlth the engine operating on the electronlc control schedule, com~
bustion efficlency increased with increasing corrected engine speed
(fig. 9). At a given corrected engine speed, combustlon efficiency
decreased with an increase in eltitude (fig. 9(a)) and increased with
flight Mach number (fig. 9(b)). The effect of changes in altitude ox
flight Mach number wag grester at lower engine speeds. Combustion effi-
ciencies for corrected engine speede below 4000 rpm were of question-
able accurecy and therefore omitted from these plots.

Comparison of the data in figure 9 with similar deta from previous
investigetions of the J47 turbojet engine (reference 5) shows that in
the present investigation, combustion efficiency was more sensitive to
changes in englne speed, altitude, and flight Mach number. This may be
attributed to the incressed eixr flow in the prototype J47D (RXl—l) tur-
bojet engine resulting in higher combustor velocities than obtained
with the earlier model of the turbojet englne at similer flight
conditlons. - : : . o _

During nonscheduled operstion, changing the exhaust-nozzle area
from maximum to minimum had 1little effect on combustion efficilency. At
an sltitude of 15,000 feet and a flight Mach number of 0.19, changing
the nozzle position from full open to full closed resulted in =
l-percent increase in combustion efficlency when the corrected engine
speed was maintalned at 8310 rpm (fig. 10).

Comparison of the operating lines for the modified combustors
(fig. 11) with those for the original combustors (fig. 9) shows that
et engine gpeeds neer rated the combustion efficiencies of the modifiled
combustors were 1 or Z percent higher. Also, the efficiency of the
modified combustors did not reduce as rapidly with decreasing engine
speed. '

L0g3
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The effects of altitude, engine speed, end flight Mach number on
combustion efficiency indicate that operating conditions that cause
higher values of combustor-inlet pressure and temperature are con-
ducive to higher values of combustlon efficlency., Thlsg fact is
gpparent from correlasition of combustion efficiency in terms of the com-
bustor parameters P3T3/V3 and fuel-sir ratic Z£/a for both the orig-

inal and modified combustors (fig. 12). The parsmeter PzTz/Vz has

been used to correlate the combustion efficlency of severasl combustors
(reference 9). With this combustor, however, some spread with fuel-
alr ratio was obtained. For velues of P3E['5/V'3 gbove 12,000, the com~-

bustion efficilency was nearly constent for each combustor regardless of
the value of the fuel~air rgtio. At values of P3T3/V3 below 12,000,

combustion efficiency decreased with decreasing P3T3/V’3 and there wes’

also e trend towards decreasing efficiency with decreasing fuel-alr
ratio at a given value of P3T3/V3. For velues of P3T3/V3 above

12,000, the combustion efficiencies for the modified combustors are
approximately 2 percent hlgher than the originsl combustors. For
values of P3T3/V5 below 12,000, the gain in efficlency obtalned with

the modified combustors increased with decreasing P5T3/V3.

Cambustor pressure drop. - From the momentum equetion for gases
passing through the combustors, the following equation mey be derived
(see appendix B):

5”—%3 z % - 1+ cp, (1)
Data for vaerious altlitudes and flight Mach numbers are plotted to show’
L!:"‘ as & function of T,/Tz for both the originel end modified
combustors (fig. 13). From equation (1), when T,/Tz equals 1.0,
L!bPé equals CDf' By extrapolating the date in figure 13 to

T4/T3 equals 1.0, it is spparent that the frictlon-~drag coefficients
for the original and the modified burners are gpproximastely 10.0 and
12.0, respectively. With these values of drag coefficient,

Pz - Py

the theoretical curves of =T,/Tz - 1 + Cp, were plotted in

figure 13. Scatter of the datas gbout these theoretical lines indicates

fair agreement between the theoretical and the experimentsl wvalues of
combustor pressure drop (that is , the average slope of the data is
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approximetely the seme as the slope of the theoretical lines). Values
P5 - P4
Pz

of pressure drop based on the inlet total pressure are pre-

sented 1n the tebles.

The improved combustlon-efflciency characteristics and Increased
pressure loss obtalned wlth the modified combustors are most likely due
to lmproved fuel distributlion and increased turbulence in the combustor
caused by the addition of the baffles to the secondary alr holes in the
combustor liners.

Turbine

Engine on electronic conbrol schedule. - Curves are presented in
figure 14 that show the effect of altltude and corrected engine

Ty

P W A’G
N 4 4 4
speed N/a[6, on the parameters ny, % ;751, e’ and §Z§¢Z7ETZ

when the engine 1s operating on the electronic control schedule. Date
for corrected engine speed below 4000 rpm were omitted in these plots
because of dubious accuracy.

For corrected engine speeds over 4000 rpm, the values of turbine
efficiency were between 79 and 86 percent (fig. 14(a)). The effects of
altitude and engine speed on efficiency were small over thils speed
range, and sceatter of the data precludes determination of any definite
trends. Corrected turblne-inlet tempersture was not affected appreci-
ably by Increases in altitude up to 25,000 feet but ilncreased with
altitude above 25,000 feet (fig. 14(b)). This phenocmenon was due to
the Reynolds number effects on the compressor, which reduced compressor
efficlency at higher altitudes so that en increase 1n turbine power was
reguired to attaln a glven engine speed. The reduction in corrected
turbine speed with altitude above 25,000 feet follows from the effect
of altitude on corrected turbine-inlet temperature (fig. 14(c)). At a
glven corrected engine speed, the turbine pressure ratio was not sppre~
clably affected by an increase in altitude up to 35,000 feet
(fig. 14(d)). At higher altitudes, turbine pressure ratio decreased
slightly with altlitude. Although critical pressure ratlios exlst across
the turbine &t corrected engine speeds over 5000 rpm, there is a slight
increase in corrected turbine gas flow with corrected engine speed in
this range indicating that there may be changes in the effective tur-
bine nozzle area (fig. 14(e)). The trend is small, however, compared
with the amount of data scatter. Altitude has no discernible effect on
the corrected turbine gass flow.

L0g2
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At a given corrected engine speed, nelther variation of f£flight
Mach number from 0.18 to 0.92 at an altitude of 25,000 feet nor vari-
ation of exhsust-nozzle ares from maximum to minimum hed any appreci-
able effect on turbine efficiency (tebles I end II).

SUMMARY OF RESULIS

The following results were obtained from an investigestion of the
performance of the components of a prototype J47D (RX1-1l) turbojet
engine in the FACA Lewis asltitude wind tunmnel:

l. For ell flight conditions investigated, the peak compressor
efficiency occurred in the range ¢f corrected engine speeds between
6000 end 6500 rpm, which is below the specified engine cruising speed
range. A maximum value of 86 percent was cobteined at an altitude of
5000 feet, & flight Mach number of 0.19, and corrected englne speed of
6000 rpm. At the same flight condition, but at maximm speed, the
efficiency was 78 percent.

2. At corrected englne speeds above 5500 rpm and a flight Msch num-~
ber of 0.19, changing altitude from 5000 to 45 ,000 feet caused approxi-
mately a S5-percent reduction in compressor efficlency. Corrected sir
flow at constant corrected engine speeds was not affected by an
increase in altitude up to 25,000 feet, but decreased when altitude was
further increased. The reductions in compressor efficiency and cor-
rected alir flow with increasing sltitude are attributed to corresponding
reductions in compressor Reynolds number. Critical Reynolds number
index for the compressor was of the order of 0.4.

3. At an altitude of 25,000 feet, changing flight Mach number from
0.19 to 0.92 had no effect on corrected air flow but resulted in =
reduction in compressor efficiency at corrected engine speeds below
6000 rpm and = small increase in efficiency at corrected eng:.ne speeds
egbove 7000 rpm.

4, Combustion efficiency increased with increasing corrected
engine speed. At a glven corrected engine speed the combustion effi-
ciency increased with flight Mach number and decreased with an increase
in altitude. These effects are probably due to the corresponding
increases in combustor-iniet pressure and tempersture,

5. At approximstely rated engine speeds, the modified combustor
gave combustlion efficiencies 1 or 2 percent higher than the original
combustors. Also, the efficiency of the modified combustor did not
reduce as rgpidly with decreasing engine speed.
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6. It was possible to correlate combustion efficlency, for each
Pz T
combustor type, in terms of the fuel-air retio and the parameter 3V33

where PS’ TS’ and Vs are the stagnation pressure, stegnation temper-

ature, and veloclty, respectively, at the combustor inlet. Also, com-
Pz - P
bustor pressure~drop parameter —é—a——é .where Pz is the stagnation
o]
pressure at the combustor inlet, P, 1s the stagnation pressure at the

turbine, and q, 1s the theoretical dynamic pressure at the combustor

inlet, was correlated in terms of combustor temperature ratio. Fric-
tlon drag coefflcients of the original and modified combustors were
10.0 and 12.0, respectively.

7. At corrected engine speeds over 4000 rpm, the turbine effi-
ciency values were between 79 and 86 percent for sltitudes from 5000
to 55,000 feet with a flight Mech number of 0.18. Variation of
exhsust-nozzle ares, or of flight Mach number from 0.19 to 0.92 had no
apprecigble effect on turbine efficiency.

lewis Flight Propulsiocn Laboratory
Retional Advisory Commititee for Aeronautics
Cleveland, Ohio

L0g2
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APPENDIX A

Symbols
The following symbols were used in this report:

A cross-sectional area, sq It .

CDI!- combustor friction drag coefficient

f/a fuel-air ratio

& acceleration due to gravity, 32.2 ft/ sec?

M Mach number

m mass flow, slugs/sec

engine speed, rpm
stagnation pressure, 1b/sq ft sbs.

P static pressure, 1b/sq ft ebs.

% theoretical dynemic pressure at combustor inlet; calculated
using stegnatlon pressure, stagnetion temperature, and
air flow at stetion 3, combustor cross-~sectionsl area
(3.85 sq £4), and T = 1.4.

ges constant, 53.4 £t-1b/(1b)(°R)
. stagnation tempersture, °R
velocity, £t/sec

Vg air flow, 1b/sec

We fuel flow, 1b/hr

Vg gas flow, 1b/sec

T rgtio of speclfic heats

o pressure correctlon factor, TACA & t:ntadﬁtizz -ﬁ.:::iu;:‘essure 3

p/2116
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adigbatic efficiency

dens’ity, slugs/cu ft

sbsolute viscosity, lb-sec/ft?

temperature correction factor, product of y and stagna-

tion temperature divided by product of y and tempera-

ture &t NACA stendard sea-level condivions -m—nvroray

viscoelty correctian factor,
alr viscoslty B
air viscasity with NACA stand-’ pg
ard ses~level tempersture

Corrected paremeters:

5/ Aoy
NN
Ty4/6

Ve, 10/ 01

81

Wg, 404
By Yaf/led

Subscripts:
a

b

sl

corrected engine speed, rpm

corre_cted turbine speed, rpm

corrected turbine-inlet temperature, °R

corrected compressor air flow, 1b/sec

corrected turbine gas flow, 1b/sec

ailr

burner
conpressor
gas

ses level

turbine

*+
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LY

ambient

compressor inlet

compreasor discharge, combustor inlet
combustor discharge, turbine inlet
turbine discharge

exhaust-nozzle inlet
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APPENDIX B

CAICULATIONS

Air flow. - The alr fiow at station 1 was calculated from pressure
and tempersasture measurements by use of the equation

Ty-1

Wy 2rie (7)) 7 (
a,1° = 818V = Padag [T )RS, |\ B; - B1)
where Yl = l.4,

Starter-cooling Wg, o, compressor-leaskage Wg j, and turbine-cooling
Wt,c air flows were celculated from pressure and temperature meassure-

ments assuming incompressible flow. The starter-cooling air is rem air
Inducted through a hole 1n the starter falring and discharged 1lnto the
engine inlet aft of station L. Compressor-lesksge air is dumped over-
board, and turbine-~cooling sir is bled from the eighth stege of the
compressor and returned to the mein airstream at the turbine. The air
and ges flows at varlious stetions through the engine were calculated as
follows:

Compressor-inlet air flow, Wy 1 = Wg 3' + Wg ¢ (B2)

Campressor-discharge air flow, W z = Wg 1 =~ Wo 7 = Wy ¢ (B3)

Combustor-discharge gas flow, Wg =V, =TV, (B4)
b 2

Combustor pressure loss. - The expression for combustor pressure
loss is derived as follows:

It is assumed:
(l) The fluld flow in the combustor is incompressible.

(2) In the following figure, By = Pg, Py = Py, Ty, = Tz, T, = T4.

(3) The burning area between stetions b and x is constant (&, = A,).

L0z
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m—
/r— ~
Station 3 b x Station 4

The momentum eqtlation yilelds
| Doy + TV = Pyhy + ByVy + Op, Ap
DA, + Apop Vil = DA, + By ‘_’bvxz + ch A
Py * By @ = Dby * By G ¥ Opp By % (=)
Pphp + Gp Ay = Py &y + xfyp + Cp, Ay B
Dividing by qpAy, and. trangposing yields

Pp - Py Iy
— . (86}

If

then

or

- 1+ Cp, “ (B7)
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Combustor-reference dynamic pressure. - In order to calculate a
combustor-reference dynamic pressure, based on the total combustor cross-
sectionel ares (3.85 sq f£t), a combustor-reference Mach number was first
calculated with the equation

% = W&,S T3 (38)
Y3+l 0.778 Ay P3 T3
S 2lrs-1]
1+ -3 My,
Then
T
-9 2
B =7 P
and
= P3
o T
Y=-1
1+ 3 M,
therefore
2
T %
3
% =3 P3 s (B9)
T=~1
Tsl 5} 8
1+ 5 m%
wvhere TS = 1l.40
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ENGINE ON ELECTRONIC CONTROL SCHEDULE - ORIGINAL COMBUSTORSINSTALLED
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TABLE II - COMPONENT PERFORMANCE OF PROTOTYPE J47D (Rxl-l) TURBOJRT ENGINE;
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23 1190 | 1.026 1445 (2,70 478 1220 4186 712 13518 3971 1889 109513 .45
4 1180 | 1.026 12‘@ 2.75 476 1221 4069 708 1 3850 1570 1008 |3.33
26 1187 | 1.027 113] |35.19 477 1219 5881 704 1185 57685 1518 964 |3.27
26 1187 j 1.028 150) |2.14 474 1220 3316 680 1330 3164 1641 llea|2.72
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28 1189 | 1.027 1102 [2.48 473 1221 5249 660 1214 3082 1531 1047 |2.88
29 1190 | 1.027 I05% |2.55 474 1222 3179 852 1l7e 3016 1482 1015|2.80
30 1190 | 1.027 968 |2.70 474 1222 3153 848 1150 2964 1465 9684 |2.58
31 1180 | 1.038 es? |3.19 473 1211 3170 &850 1106 2995 138¢ 936(2.682
52 1190 | 1.030 941 (2.14 472 1226 2243 588 1252 2150 1404 11531 ]1.83
33 1186 | 1.029 858 |2.26 469 1220 585 1 2155 1402 11351 11.584
34 1188 | 1.029 872 ]2.39 4T1 1223 2183 583 1185 & 1568 [s] 1.79
35 1188 | 1.029 838 |2.47 471 1223 2183 582 115C 2083 1340 1052{1.79
56 11871 1.0582 798 |2.88 472 1228 2188 580 1112 2067 1325 101711.77
5; iig_%_ 1.051| .210] 4091 758 [2.93 472 1219 2142 58% légg g;l]i %gg g:: i;g
1.029 3.9 471 26 | 23S 57 1 X
11 000 517 | 1.022|0.176( 795 1139 [2.45 443 524 847 ase 177 73L 5.0
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41 313 | 1.016| .152| 7955 93y [2.63 442 318 1711 a3s 1885 16845 680 1639|5.58
42 505 | 1.026, .182]| 7955 886 |2.77 45 311 1658 831 1825 159Q 623 1489§5.33
43 505 | 1.050| .206( 7988 812 15.18 443 312 1620 823 1770 1583 584 14356]5.18
4 310 [ 1.032) .212| 7388 1049 (2.29 438 3 1757 818 1988 1874 877 1863|5.49
45 510 | 1.028| .192| 7388 50 |2.359 441 3ie 1891 8Q8 1909 1618 639 1547|5.32
48 510 | 1.029| .203| 7588 89Q {2.395 438 319 1848 800 1839 1577 §18 152415.07
47 510 | 1.029] .205| 7388 825 |2.50 437 %189 1587 791 1738 15351 574 14235 |5.00
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33 307 | 1.026| .182| 8983 950 |2.23 445 315 1833 791 1921 1563 664 1619)5.19
54 3507 | 1.029| .2035 ] 6993 T34 |2.45 441 318 1491 787 1619 1426 549 1327|4.72
656 304 | 1.030] .208) 6992 6§84 }2.63 443 513 1461 769 1576 1597 535 1286)¢.67
58 506 | 1.029| .2035| 6893 800 |3.19 443 %16 1414 760 1454 1348 488 1168|4.49
57 303 | 1.033| .216| 8284 770 |2.14 436 313 1592 731 1707 1332 585 1444 |4.45
58 308 [ 1.029( .203| 6294 ‘756 | 2.17 440 517 1400 724 1681 1381 5685 1410|4.41
58 308 | 1.028} .192| 8294 598 |2.50 457 516 1284 707 1430 1236 498 119214.10
80 2868 | 1.030)] .206 | 6294 51% |2.79 438 305 1207 700 1340 1148 440 1105)]5.96
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82 306 | 1.029] .2035 5944 660 |2.14 446 315 1235 1580 1180 539 1358|5.92
63 307 [1.025] .180| 5944 602 |2.51 41 314 1195 896 1484 1146 501 12435|3.61
64 3507 | 1.0268| .192| 5944 544 |2.45 438 315 1159 891 1379 1107 470 1154)3.68
85 308 | 1.026| .192| SS44 490 |2:270 441 514 1122 685 1300 1064 429 107813.57
86 308 [ 1.025( .180 | 5944 480 |2.91 448 318 1108 694 1275 1047 425 1044 |35.52
87 508 | 1.025( .180{ 5944 453 |5.19 443 515 1103 684 1240 1046 417 1020{%.50
88 310 | 1.035| 2223 | 5455 572 |2.14 44) 321 1048 663 1496 1010 585 130013.26
89 315 | 1.028| .182| 5455 558 |2.23 441 321 1044 862 1449 1007 547 1254)5.28%
70 510 [ 1.026] .192 | 5455 S17 )2.34 441 318 1011 656 1370 868 504 1180]3.18
71 315 11.019] .l84 | S455 471 |2.50 442 319 975 651 1300 9354 486 1110|3.06
72 3135 | 1.029] .2035 | 5455 435 |2.69 442 522 861 648 1240 920 435 1047]2.96
73 310 [1.029] .205 ] 5455 407 i3.18 442 319 941 648 1195 900 408 1002|2.95
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EXHAUST-NOZZLE AREA AND ENGINE SPEED CONTROLLED SEPARATELY - ORIGINAL COMBUSTORS THSTALIED
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25.97 | 4291 39.44 76.8 5,511 8l.0 11.53 L0111 | 2.129 042 1.551 | 76.1
34.91 | 4304 41,06 77 4 5,419 78.0 10.82 .0108| 2.055 Od2 1.537 | 64.9
25.82 | 4298 42,54 75.8 5,441 83.9 9.07 .0095] 2.033 .040 1.5%82 | 80.0
24.93 | 4296 41.08 76.5 4,992 78.9 11.17 .0095| 1.876 045 1.554 | 76.8
25.87 | 4291 42,59 TT.4 4,785 8l.7 10.18 .0087| 1.817 046 1.5662 | 75.8
24.77 | 4291 40.99 75.0 4,821 80.4 11.24 .0085| 1.885 47 1.566 | 81.5
— 41,46 78.9 _1.878 047
16.86 | 8815 100.47 88.7 3216 92.3 10.5! 0.0193} 2.400 N
16.28 | 8815 99.41 68.8 5,248 95.7 9.97 0175 2.321 058
16.03 | 8623 98,40 89.0 5,545 92.6 9.85 0164 | 2.249 038
15.50 | 86158 97.38 70.1 5,130 80.6 10.51 .0158| 2.198 041
15,79 | 8616 g8.89 70.2 4,477 95 .4 8.38 .0145] 2.151 .055
16.10 | 8043 87.77 72.3 4,487 $1.8 15.11 .0186( 2.428 JO4T
165.38 | 8014 84.32 T5.4 £&,487 90.7 12.00 .0178| 2.380 .
165.78 | BO43 96.11 72.5 4,418 93.4 11.05 .0160( 2.299 043
15.80 | 8051 96.15 72.2 4,258 81l.1 10.07 .0148| 2.197 LO4l
16.09 | 8068 97.82 72.3 4,588 95.8 9.56 .0144] 2.188 .0339
15.39 | 8058 85.687 73.5 5,915 88.9 12.45 0143 | 2.137 .050
15.84 | 8043 97.40 5.6 4,056 8g9.1 11.36 L0141 | 2.128 048
15.96 | 8021 98.41 72.5 5,785 92.0 10.30 .0119| 1.998 LO47
15.03 | . 7587 92,47 76.1 4,544 89.8 12.48 .0198) 2.519 o041
16.0 | 7573 95.10 76.5 4,425 91.2 11.92 .0180] 2.429 045
15.40 | 7587 5 .04 75.8 5,979 89.0 $.91 L0135( 2.211 ~Odd
*4.92 | 7573 935.13 75.2 5,724 87 4 10.189 0130 2.049 044 2.611 | 84.5
15.31 | 7513 94.96 75.0 5,582 88.2 9.73 .0111| 1.913 047 2.762 ! 84.8
15.32 | 6887 £82.535 78.8 3,510 e4.5 11.97 -0l64] 2.335 LO4S 2.277 [ 82.9
15.79 | 6835 84.76 83,1 5,629 85.1 11.08 .0158{ 2.254 042 2,292 [ 80.4
15.79 | 6880 84.71 80.4 3,116 81.5 10.42 .0123| 2.023 ~O45 2.482 | 79.1
15.19 | 8854 84.03% 80.8 2,811 79.4 16.87 .0110| 1.934 049 2.609 | 79.1
14.60 | 8880 aa.o2 79.3 2,954 a85.4 9.65 .0097| l.871 049 2.674 | 80.2
12.55 | 6414 78.13 gl.5 3,166 82.3 11.41 .0I48| 2.2%32 045 2.189 | 78.7
12,58 | 6449 78.14 80.8 2,988 78.8 10.00 +O1l35] 2.1035 041 2.287 | 78.5
12.68 | 6473 78.21 78.1 2,780 T77.7 16.20 0123 1.996 045 2.355 [81.5
12,95 | 6449 80.43 79.4 2,585 78.8 10.585 .0107| 1.898 .052 2.480 [ 80.0
12.63 | 6386 78.22 78.9 2,536 78.1 11.48 «QL0&| 1.837 065 2.464 [ 85.3
12.86 | 6437 80.38 T9.35 2,578 76.5 10.14 .0098| 1.813 052 2.508 | 81.5
11.31 | 5919 88.72 79.9 3,015 80.7 8.19 .0143] 2.255 OS54 1.788 | 94.4
.77 | 5919 71.581 80.0 2,882 81.0 7.70 .0134f 2.189 035 1.841 | 92.3
41 | 5818 69.97 80.4 2,495 78.5 S.44 .0128| 2.088 S 1,921 {88.7
.38 | 5813 69.63 79.8 2,522 T8.5 8.77 -0llg| 1.997 o442 2.004 | 87.4&
11.82 | 5913 71.85 T8.4 2,320 77.0 8.06 .0103| 1.911 043 2.116 | 868.0
1.84 72,44 |77.8 2.23¢ 176,41 7.79 | .0097! 1.04¢ | ‘04% | 2.200 [85.0
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MODIFTED FOR BETTER ALTITULE FERFCRMANCE
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Modifled

C-283435

{0) Interlor of modifled combustar liner. _ () Twhine rotor.

Plagura 1, ~ Components of prototyps J47H (RXL-1) turbdojet englne,
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—81ip joint ,~Inlot-air Compresser Coabustor Turbine Variable-erea
4 duct [ L/_ exhaust nozzle
nne” ] ) —=r . :2

—{ [Erveroees ]
¥ +r i :
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— ! i
« L !
"——"thﬂuu —_ u /
Station ], _/ Station 3, Station 4, tation 6, Station 8, '
engine Inlet conpressor turbine turblne nozrle inlet
. outlet inlet autlet

Staticn | Total- Static- | ¥all gtatio- | Thermo~
[ressure | predours pressuxe couples
‘tubea tuhes orifices
1 32 8 5 4
3 20 Q0 4 6
4 S 0 0 0 W
[ 30 0 4 24
8 0 4] 0 25

Figure 2. - Cross sectlion of turbojet-engine installation showing sections at which component ingtrmentation
was Ilnstalled.
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Compressor pressure ratio, P5/Pl
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Compressor Compreasdr
Corrected englne efficiency efficlency
speed Ne
(rpm) 28 76
o] 8310
7700
© 6920 BB(‘ Exbaust-
A 6205 2l
v 5350 :;:E ©
b 420 | 2.22 agq £4
85 -\ 1rX
B6 |
|| 2.56 aq ft
82 /
// Corrected engine
N 2.56 8q Tt B speed
. - o
fExhaust-nozzle ~. | 867 e (rpa)
2.22 't
ares, 8q ry / 0 8515
S 787 8040
I ¢ 1580
8d— 2.94 gq Tt 2.94 Bg £t A 8860
' v 8450
82 7. P 5915
80——F —
76~ -
\W
I
20 40 80 100

(a) Reynolds mmber index,
0.64; altitude, 15,000 feet,

60 80 100 60
Corrected air flow, Ha’l-,/ﬁi'/Bl, 1b/sec

(b) Reynolds mmber index,
0.18; altitude, 45,000 feet.

Figure 3. - Compressor performance mmpe at flight Mach number of 0.19.
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Exhaust-nozzle area, sq ft

<i'|||.l|lllll|l! NACA RM ES1I13
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—— Sea level
—————— 5,000
-——— 15,000
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-——=—=-—- 35,000 and
3.0 over
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I
l ]
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|. |
2.2
(a) Scheduled variation; standard inlet temperature.
3.0 .
— Altitude
(£t)
\\ o 5,000
2
s p 0 15,000
2.6 o R O 25,000
' A 35,000
V 45,000
> 55,000
T
2,2 ]
4000 5000 6000 7000 8000 9000 10,000

Corrected engine speed, N/-/3y, rpm
(b) Experimental varietion at a flight Mech number of 0.19.

Figure 4. - Variation of exhaust-nozzle area with altitude and corrected
engine speed on electronic control schedule.
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Constant corrected
speed lines
Altitude
(£%)
- 5,000 to 25,000
————— — 35,000
——— 45,000
5.8 ——— 55:000 Corrected engine
: Altitude Reynolds number
(£t) index
O - 5,000 0.88
B 15,000 .64
<& 25,000 44
5.0 A 35,000 .29
v 45,000 .18
> 55,000 11
&
e 4,2
)
b .
o
1]
g 3.4 6000 :
@ \
g \
2
8 / 4
@
m
é 2.6
g ‘ 5000
5 i
A/ 4
1.8 \d_r/
<]
<
1.0 [

0 20 40 80 80 100
Corrected air flow, Wa’l-\/a_l/al, Ib/sec

{a) Relation between corrected air flow end pressure ratio.

Figure 5. - Effect of altitude on compressor operating lines; flight
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altitude 25,000 feet; engine on electronic control schedule.
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engine on electronic control schedule.
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